Summary
Background: The most common type of von Willebrand disease (VWD), type 1, has in only a few cases been explained by an identified causative mutation in the von Willebrand Factor (VWF) gene. The ABO blood group and other modifier loci outside the VWF gene may contribute to the development of type 1 VWD. Objectives and Methods: Our aim was to determine whether there was genetic linkage to the VWF gene in 31 Swedish type 1 VWD families. Stringent diagnostic criteria in accordance with ISTH guidelines were used. Genetic linkage was investigated by using two highly informative dinucleotide microsatellite markers, which we have recently identified, located in introns 6 and 15 of the VWF gene. We also investigated the existence of common disease haplotypes and the relation between type 1 VWD and ABO blood group. Results: We found genetic linkage to the VWF gene in 27 (87%) of the families. However, in 4 (13%) of the families there was clearly no genetic linkage. We found the 4751A>G (Tyr1584Cys) sequence variation in exon 28, which is a common mutation in the Canadian VWD population (14.3%), in only 1 of the 31 families Introduction VWD is a congenital bleeding disorder, which can be manifested phenotypically in different ways. The classification divides VWD into three categories: type 1, 2 and 3 [1] . Type 1,  which is inherited as an autosomal dominant trait and accounts for approximately 70-80% of all cases, is characterized by mild to moderate bleeding symptoms and a quantitative reduction of the VWF. This type of VWD is inherited with variable expressivity and penetrance; in one study up to 50% of obligatory carriers of type 1 VWD were found to be completely asymptomatic [2] .
Even though type 1 VWD is the most prevalent subtype, few mutations have so far been identified in type 1 patients. There are several explanations for this shortcoming. The size of the gene − it is approximately 178 kb long and contains 52 exons [3] , the existence of a pseudogene [4] , incomplete and variable penetrance, and clinical heterogeneity are factors that all lead to difficulties in correctly diagnosing this type of VWD and are part of the explanation for the low number of identified causative mutations. In addition, defects in the VWF gene may not always be the sole cause of the disease; modifier genes are thought to exist [5, 6] . It is a well-known fact that ABO blood group significantly affects VWF plasma levels [7, 8] . Mean VWF antigen levels for type O individuals are approximately 25% below and for type AB individuals 25% above the level for a pool of normal donor plasma [9] .
Recently the metalloprotease ADAMTS13 was suggested to be involved in this phenomenon [10, 11] . It has been suggested that ABO blood group is more influential in families with incomplete penetrance and mild phenotypes than in families with complete penetrance [12] .
However it is still unclear whether the ABO influence can explain all of these so far unexplained cases, or whether additional loci are involved [13] . In addition, age, the inflammatory response, environmental factors including physical and psychological stress, and hormonal changes such as during the menstrual cycle and pregnancy, influence VWF levels [14, 15] . All of these factors contribute to the difficulty of properly diagnosing type 1 VWD. Obviously, different VWF mutations and the allelic composition of other loci, one or several, together determine the phenotypic effect at the level of the individual. It is therefore of great interest to identify and more closely study non-co-segregating families since this may allow the identification of additional factors affecting the VWF level. Another interesting feature of type 1 VWD is the existence of certain disease-causing mutations present at high frequency among affected individuals. A common mutation, the 4751A>G (Tyr1584Cys) sequence variation, appeared in 14.3% of the investigated families of a Canadian population [16] .
This study investigates 31 families from a Swedish population for (1) cosegregation between VWF gene haplotypes and type 1 VWD, (2) the existence of common disease-associated haplotypes and (3) the relation between type 1 VWD and ABO blood group.
Materials and Methods

Patients
All patients diagnosed with type 1 VWD at Malmö University Hospital are included in a register. The current study includes families from the register where the index case fulfils diagnostic criteria according to ISTH [17] − with low levels of VWF in plasma, with a normal multimeric VWF pattern, significant bleeding symptoms, and with at least one more family member diagnosed with type 1 VWD or having significant bleeding symptoms. In families with only two affected members these should not have a direct parent-offspring relationship.
We used historical VWF levels usually determined at the time of the original diagnostic workup. There were no further analyses of VWF levels in this study. family size of 10.5, who fulfilled our inclusion criteria. All individuals responded to a questionnaire, which was used mainly to identify family members and their relationship to each other, and to extend the pedigrees. The questionnaires also included questions about bleeding symptoms. In total 325 individuals were included. All individuals were re-evaluated and only those that had either low VWF levels or significant bleeding symptoms according to ISTH criteria [17] or both, were classified as "affected", in total 127 individuals. All other individuals were classified as "others". Blood samples were taken at the patients´ regular hospital and sent to us. Samples were stored frozen. The ethical committee of Lund University and the Swedish Data Inspection Board approved the study and informed consent was obtained from all participating individuals.
Microsatellite marker analysis
Genomic DNA was extracted from blood collected in EDTA using QIAamp 96 DNA Blood Kit (Qiagen, Germany). DNA concentrations were determined by fluorometry using Pico Green. For segregation analysis, two dinucleotide microsatellite markers located in introns 6 and 15 of the VWF gene were analysed. The microsatellites correspond to nucleotides 2787-2840 in intron 6 and 1059-1095 in intron 15. The following primers were used to analyse these markers: 6F: 5´-HEX-TTTGGGATGGAGACTTAACAT-3´, 6R: 5´-ATGCCCAGCTAGTTAGTGAGT-3´, 15F: 5´-FAM-GTGAGTTATGATCGCACCA-3´, and 15R: 5´-GGACCCAAAATAGTAGCACTT-3´. The two markers were selected from a set of four microsatellite markers that were identified in the VWF gene region using a search for tandem repeats by Tandem Repeat Finder [18] . Expected heterozygosity for the two markers was calculated to be 0.94 and 0.85 respectively. The allele sizes seen using the reported primers were 220-300 and 220-250 bp, respectively, and the repeat sequences and the range of number of repeat units seen were CA and TG (16.5-31.5) , respectively. The microsatellite markers were amplified using PCR conditions as recommended by the manufacturer of the Taq polymerase (Applied Biosystems, USA) and an annealing temperature of 58 ºC. PCR products were resolved using capillary electrophoresis run on an ABI PRISM TM 3730
sequencer employing GeneMapper software (Applied Biosystems, USA). The allele sizes of the microsatellite markers were determined in relation to a size marker, GeneScan-500 TM ROX (Applied Biosystems, USA). All participating individuals were successfully genotyped for both markers; hence there were no missing values.
SNP genotyping
Genotypes were determined using the Sequenom MassARRAY MALDI-TOF system. The system analyses allele-specific primer extension products using mass spectrometry. Two polymorphisms were studied: the O-genotype of the ABO blood group system (rs8176719) and the 4751A>G (Tyr1584Cys) polymorphism of the VWF gene (rs1800386). Assay design was made using the SpectroDESIGNER software (Sequenom Inc, USA). The following primers were used to analyse the ABO blood group and the 4751A>G polymorphism: F: 5´-TCCCAGACAATGGGAGCCAG-3´, R: 5´-TCTCCATGTGCAGTAGGAAG-3´, E: 5´-GGAAGGATGTCCTCGTGGT-3´ and F: 5´-AACAGGACCAACACTGGGCT-3´, R: 5´-TGGCTGACCAAGAAGCTGTG-3´, E: 5´-AGCTGTGGTCAGAGAGG-3´, respectively.
The analyses were then carried out as described on http://www.sequenom.com/publications/scientific_applicationnotes.php.
Genetic analysis
The pedigrees were constructed using Progeny (Progeny Software LLC, USA). Haplotypes for all individuals were reconstructed manually. The frequency of the disease allele was estimated to be 0.005, which derives from the common assumption that 1% of the population is affected by type 1 VWD. Microsatellite marker allele frequencies were calculated from 59
healthy unrelated individuals sampled from the same population as the investigated families.
Genotype inconsistencies were identified manually and using the program PedCheck [19] .
Linkage analysis was performed using Genehunter [20] .
Results
Co-segregation of VWF haplotypes and type 1 VWD
A total of 325 individuals from 31 type 1 VWD families were genotyped using two microsatellite markers in the VWF gene. Of these, 127 individuals were classified as "affected". In 27 of the 31 families marker haplotypes co-segregated with type 1 VWD, whereas in the remaining four families there was clearly no co-segregation (Table 1) . Cosegregation in the current study is defined as all affected individuals in a given family having a specific haplotype in common, but allows for non-penetrant individuals sharing the same haplotype. Non-co-segregating families are therefore defined as those where not all affected individuals share the same haplotype. As an example of a co-segregating family with complete penetrance, the pedigree of family number 143 is shown in Fig. 1(A) . The haplotype 262:242 is present in all affected type 1 VWD individuals and is absent in all other individuals in this pedigree. The pedigree of family number 244 (Fig. 1B) is an example of a non-co-segregating family. The four non-co-segregating families originate from different parts of Sweden.
Single-point LOD-scores for linkage between type 1 VWD and the two microsatellite markers were calculated for all families (Table 1 ). In the families where VWD co-segregated with VWF marker haplotypes, LOD-scores varied between -0.02 and 2.65. In all cases, the low LOD-scores are directly due to the small number of affected individuals in the families. In addition: (1) because of the conservative approach for assigning individuals as "affected" rather few individuals were given disease status and (2) (Table 1) . Again there is a good correlation between the number of affected individuals in the families and the size of the LOD-scores. In the families with stated cosegregation we found 30-40 individuals who carried the disease-associated haplotype but were classified as "others" (Table 1) ; hence these individuals were non-penetrant. As an example of a co-segregating family with incomplete penetrance, the pedigree of family number 261 is shown in Fig. 1(C) . The haplotype 240:232 is present in all affected type 1 VWD individuals in this pedigree in addition to individual II:3 who is classified as "others".
Phenotypically, the co-segregating and the non-co-segregating groups do not differ from each other ( Table 2 ). The two groups have VWF:RCo/VWF:Ag ratios of 1.1 and 1.2, respectively.
Common disease haplotypes of the VWF gene
Six of the families showing co-segregation shared the same disease haplotype. The frequency of this haplotype among the disease haplotypes was 0.22 (Table 3) and its frequency in all the 31 investigated families was 0.19. When the frequency of this disease haplotype in the families with co-segregation (0.22) was compared with the frequency of the haplotype among normal unrelated individuals (0.06) it was found to be much higher in the former group; a chisquare value of 7.14 (p=0.0075) was obtained, which is highly statistically significant. This suggests a founder effect. The six families are not apparently related; however four of them come from the same part of Sweden. We found a slight difference in VWF levels in the six families with a common haplotype as compared to the 25 families without this common haplotype ( Table 2 ). The VWF:RCo/VWF:Ag ratios were 0.5 and 1.2, respectively. Three other disease haplotypes occurred in two families each. These indicate the possibility that more than one common disease haplotype exists for type 1 VWD in Sweden.
The 4751A>G (Tyr1584Cys) sequence variation in exon 28 was identified in 1 of the 31 families (3.2%). Of 285 individuals analysed for this polymorphism, four presented the variation in a heterozygous state (Fig. 2) . Two of the heterozygous individuals were blood group O, of whom one was an affected individual, and two were non-O. This family was one of the families with stated co-segregation (number 525); however, the Tyr1584Cys variation did not co-segregate with the disease-associated haplotype.
Relation between VWD and ABO blood group
The number of O alleles was successfully determined in 110 of the affected individuals and in 180 individuals belonging to the "others" group (Table 4) . When these two groups were compared, blood group O was found to be more frequent in the patient group; a chi-square value of 10.96 (p=0.0009) was obtained, which is highly statistically significant. When the two groups were compared regarding the number of O alleles, a chi-square value of 11.80 (p=0.0027) was obtained, which is also highly significant. When each of the two groups was compared with the general population (where the frequency of blood group O is 38%;
information from the Blood Transfusion Centre, Lund, Sweden) in a two-sided binomial test, the patient group obtained a p-value of 0.0095, whereas the "others" group obtained a p-value of 0.040. One should note that the differences are in opposite directions; compared with the general population blood group O is over-represented in the patient group whereas it is slightly under-represented in the "others" group (Table 4) . Comparing the co-segregating and the non-co-segregating groups, we did not find any difference in relation between blood group O and VWD (data not shown). In the four non-co-segregating families, the frequency of blood group O varied widely; e.g., in families 244 and 283, all affected individuals had blood group O, whereas in families 216 and 296, the corresponding figures were only 3/7 and 0/3.
However, the frequency of blood group O in the four families varied accordingly, such that individuals classified as "others" also carried the blood group O at similar frequencies as the affected in each family.
Discussion
The genetic background to the most common subtype of [12, 21] . One study attempted to develop linkage analysis in Swedish VWD families; however, due to insufficiently informative markers this attempt was not successful [24] . The varying degrees of established linkage can possibly be explained by the limited number of investigated families in some of these studies, inclusion of individuals that do not fulfil stringent diagnostic criteria, and different diagnostic criteria resulting in some included type 2 VWD families. The aim of our study was to determine whether there is cosegregation between haplotypes of the VWF gene and cases of inherited type 1 VWD. We have analysed a large number of type 1 VWD families and we have used a conservative approach to identify affected individuals.
We identified all tandem repeats in the VWF gene region, selected four for further investigation and by using the two most informative microsatellite markers we were able to establish/exclude genetic linkage in the 31 families. Expected heterozygosity for the two microsatellite markers was 0.94 and 0.85 respectively; hence they can be regarded as highly informative markers. This can be compared with the commonly used microsatellites in the promoter and in intron 40 of the VWF gene, which are less informative [12] . The very informative markers used in the current study provided good tools for analysing putative cosegregation and can beneficially be used in future VWD studies.
Our results show that the type 1 VWD families we have investigated can be divided into two groups: those that have a disease-associated microsatellite marker haplotype of the VWF gene and those that clearly do not. The fact that no causative mutation has been identified in some type 1 VWD families in earlier studies can to some extent, but not completely, be explained by our findings. By using our inclusion criteria, with exclusion of all families with only two affected members with a direct parent-offspring relationship, we have selected for larger families with more affected individuals and this may have introduced bias towards positive linkage. Therefore, our study may not be fully comparable to other studies that have applied different inclusion criteria. Phenotypically, the co-segregating and the nonco-segregating groups in this study are comparable ( Table 2 ). The two groups have roughly the same VWF levels and VWF:RCo/VWF:Ag ratios of 1.1 and 1.2, respectively. In the families with stated co-segregation a search for causative mutations can be focused on the VWF gene region. In these families we found 30-40 individuals who carried the disease haplotype but were classified as "others" (Table 1) ; hence these individuals were nonpenetrant. This illustrates the diagnostic problem in type 1 VWD. Thirteen percent of the investigated families failed to show linkage to the VWF gene locus. These non-co-segregating families come from different parts of Sweden. Additional genetic modifiers have been suggested as part of the explanation for the lack of genetic linkage in some VWD families [13] . Further studies are required of the non-co-segregating families to ascertain whether a locus, or possibly several different loci, other than the VWF gene are responsible for the development of type 1 VWD, or whether several defects of the VWF gene interact to cause the type 1 VWD phenotype.
We have also analysed the data for the presence of haplotypes with a possible common origin. A common disease-associated microsatellite haplotype was identified in six of the families with co-segregation. When the frequency of this disease haplotype among the families with co-segregation (0.22) was compared with the frequency among normal unrelated individuals (0.06) a chi-square value of 7.14 (p=0.0075) was obtained, which is highly statistically significant. This suggests a founder effect and it is interesting in the context of the evolutionary history of the mutations causing type 1 VWD. The six families seem to be unrelated; however four of them come from the same part of Sweden.
Phenotypically, the six families seem to differ from the 25 families without this common haplotype ( Table 2 ). The two groups have VWF:RCo/VWF:Ag ratios of 0.5 and 1.2,
respectively. Therefore, it may be suggested that the group with the six families represent a subgroup compared to the rest of the investigated families. However, this should be interpreted carefully due to the small sample size. Further, the 4751A>G (Tyr1584Cys)
sequence variation was identified in 1 of 31 (3.2%) of the investigated families. This variation has been identified in 10 of 70 (14.3%) Canadian families and in 8 of 30 (27%) UK families with type 1 VWD [16, 25] . Thus, this variation is present at much higher frequencies among families with VWD in Canada and UK compared to Sweden. The variation has been recorded as a polymorphism with a frequency of 0-2% [16, 26] . The original publication of the nonconservative amino acid substitution, described it to be a sequence variation without harmful consequences [26] . In contrast, the substitution has been shown to result in increased intracellular retention of the VWF in vitro [16] . Furthermore, a recent publication demonstrated the substitution to increase the susceptibility of the VWF to proteolysis by ADAMTS13 [27] . It is noteworthy that three of the four individuals in our study with this sequence variation (285 individuals tested) were not diagnosed with type 1 VWD; hence this mutation does not have complete penetrance. Interestingly, in the family where the Tyr1584Cys variation was identified, it did not co-segregate with the disease-associated haplotype, since the affected individual with this variation has inherited the Tyr1584Cys variation from his father and the disease-associated haplotype (236:230) from his mother (Fig.   2 ). In addition to these two alleles, the affected individual has blood group O.
Information collected on the number of O alleles in the ABO blood group system clearly shows that blood group O is over-represented among type 1 VWD patients; a chi-square value of 10.96 and a p value of 0.0009 reveal the statistical significance of the difference between the "affected" and the "others" groups. We have also shown that the phenotype (absence or presence of blood group O) matters rather than the number of O alleles, i.e. there does not seem to be a dosage effect. Interestingly, the relation between blood group O and VWD did not seem to differ between the co-segregating and the non-cosegregating families. Thus, blood group O cannot on itself explain the presence of disease in the non-co-segregating families. Therefore, in the families where VWD is not due to a dominantly inherited mutation in the VWF gene, a locus or several loci different from the VWF gene and the ABO locus may be involved. These families definitely represent a valuable resource when searching for modifier genes. Alternatively, several defects within the VWF gene may interact to give the type 1 VWD phenotype in certain individuals in these families. This remains to be elucidated.
In conclusion, we have shown that the VWF gene locus is responsible for inherited type 1 VWD in a majority of families in our population. We have also identified a possible founder effect: a disease-associated haplotype whose frequency was 22% among the disease haplotypes in the investigated families. In the co-segregating families, molecular genetic testing will facilitate future investigations of additional family members. In addition,
we have confirmed that blood group O is over-represented among type 1 VWD patients. Our findings may also contribute to the present discussion about the definition of VWD. One issue is if the diagnosis should include all cases with a VWD phenotype, irrespective of the locus of the genetic defect. Alternatively, as has been suggested, low VWF levels may in many cases be regarded as an epidemiological risk factor for bleeding, not a disease [7, 28, 29] .
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